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Abstract 

i I 

f : ! 

. The trajectories of the wing tip vortices of a typical agricultural 

i , I 

, aircraft were experimentally detennined by flight test. A flow visualization 

method, similar to the vapor screen method used In wind tunnels, was used 
to obtain trajectory data for a range of flight speeds, airplane configurations, 
I and wing loadings. Detailed measurements of the spanwise surface pressure 

T 1 

j distribution were made for all test points. Further, a powered 1/8 scale 

model of the aircraft was designed, built, and used to obtain tip vortex 

I' . ^ , 

[ j trajectory data under conditions similar to that of the'full scale test. 

\ \ The effects of light wind on the vortices were demonstrated, and the Inter- 

I I action of the flap vortex and the tip vortex was clearly shown in photographs 


and plotted trajectory data. 
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DISGLAIMER 


, The use of brand naines In this report is for the purpose of 
identifying the particular airplane used to conduct this research. 
This use does not constitute endorsement of any product, either 
explicitly or Implicitly. 


CONVERSION CONSTANTS 

The primary units used In this report are U.S, Customary. The 
constants listed below can be used to convert to SI units. 

To cinvert from to multiply by 

Foot Metier .3048 

Horsepower Wa|t 745.69987 [ 

Pound/FT^ Newton/M^ 47.88026 

Slug/FT^ Kg/M^ 515.379 
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I. INTRODUCTION 

During the past decade, the use of aircraft for the application of a 
wide variety of chemicals to crop and forest lands has Increased to s1g> 
ijificant proportions. The agricultural aircraft has become an essential 
element for the high level of farm productivity realized In the United 
States. The world-wide demand for food has In turn provided the U.S. with 
a market of such magnitude that this productivity can become one of our 
iost valuable resources. Thus, the agplane and Its associated technology 
have taken on a measurable national level of Importance. This has led to 
a renewed Interest by the government In advancing the state of this tech- 
nology through the establishment ef a research program at NASA Lah^Tey 
Research Center (NASA-LRC). 

There are many technical problems associated with agricultural aviation 
that Influence productivity and effectiveness and Involve Important environ- 
mental factors. These problems can be categorized as those which pertain 
separately to the aircraft, the dispensing equipment, and the Integra- 

; J 

tion of this and other special equipment with the aircraft. The strong 
technology base needed for the next generation of agricultural aircraft 
ylTI require an Intensive coordinated theoretical and experimental program. 
Heavy emphasis must be put on an experimental program because of the 
extremely complicated nature of the physical processes involved. The inter- 
action that occurs between the aircraft, dispersal equipment and dispers- ' 

i ■ ■ ' ' , ' : ;i 

ant, and the performance Influence that each has on the others must be 
Investigated as a total system. 

Such a program Is presently underway at NASA-LRC and. In part, utilizes 
small scale model testing in the Vortex Research Facility (1). Flow visual 1 
zatlon and, subsequently, laser Doppler velocimeter studies of the model 


aircraft wake constitute the experimental method. The use of small scaT« 
testing for Investigations of this type Is essential because of the large 
amount of configuration-dependent Information which can be obtained for 
relatively low cost. However, the validity of this Information rests upon 
the degree to which correlation can be developed with full scale data. h 
I The Raspet Flight Research Laboratory at Mississippi State University 
(MSU) has developed a full scale flow visualization method with which such 
a correlation Investigation can be performed (2). The visual data Is In a= 
for^t,^ similar to that being used at the Vortex Research Facility and a 
direct comparison can be made on this basis. 

This report presents the results of an Investigation of the wing tip 
vortex trajectory of a full scale Cessna A188 Agwagon and a 1/8 scale model 
of the Agwagon. Also, effect of the ground plane and surface winds on the 
behavior of the trailing vortices near the ground was briefly Investigated. 
The scope of the program was limited to acquiring the test data and did not 
ajlTow a significant amount of analysis to be performed. The discussion 
presented in this report Is Intended to provide sufficient Information to 
define the pertinent test conditions and to provide those observations that 
were noted during the performance of the test program and the subsequent 
efforts to present the test data In Its most representative form. 


II. FULL SCALE FLIGHT TESTS 


Wing span-wise pressure dlstrlbutfons and wing tip vortex trajectories 


W|sre experimentally determined by full scale flight test of the laboratory 
Agwagon. The test aircraft Is shown In Figure 1. Wing tip configuration 


and the strut-wing fairing arrangement were varied to provide three combi - 
nations which were tested In a range of flight conditions to simulate 
typical agchemical delivery conditions. Aircraft geometry was essentially 
standard with only minor changes to accommodate special systems and Instru- 
mentation for purposes of this test sequence. The following values were 
used I as required. In the data reduction: 

S *• 202 square feet 
40.71 feet 




□ 


, 5,33 feet 


i 


c * k 3.71 feet 


I 


Aspect. Ratio * 8.2 


The wing airfoil section used was a NACA 2412 from the wing root to eighteen 


Inches from the tlpyi; with a NACA 0009 from there to the tip. Wing Incidence 

J.1 CO 


IS -*-1.5** at the rootland >1.5° at the tip; however, there was zero twl^ 

u 

In the constant chord segment of the wing. Wing dihedral was 6°. A 
Toledyne-Continental 10-520-0 fuel Injection engine rated at 300 HP drove 
an 86-1nch constant speed 2-blade propeller. The aircraft chemical hopper 
was used to vary airplane gross weight by addition of approximately 1400 lbs 
of water ballast# Two takeoff gross weights were flown— 2600 lbs and 4000 lbs 










Tift EQulPiwtnt and InstrumewtatlDn 

The eircreft was equipped with self^tllgnlng sensor probes mounted on 
a rigid flight test boom (see Figure 2), The sensor probes were for 
msasuring static and total pressures, and they were calibrated with a 
trailing cone static source. The position error at the boom was considered 
negligible for flight conditions out of ground effect and within the test 
envelope. A spot calibration of the airplane pitot-static system was con- 


duct^ed at test altitudes within the f round efl^ect region using a police 
doppler-radar speed unit. The radar unit had a built-in calibration that 
provided accuracy within the resolution of the aircraft aifsptMid Indlcator.-^^^^^ 
Position error In the test pitot-static system within ground effect was also 
considered negligible over the speed range of testing. 

Wing span-wise pressure distribution was measured for several conflgu- 
ritlons. Brass tubing, .035 Inch l.d., was Installed Internally and mounted 

. . r . .... 

flush and normal to the wing surface ait 11 kpan-wlse stations along the 
quarter-chord line. Pressure lines were routed from the surface taps to a 
scannlvalvir and pressure transducer which was used to measure the pressure 
values. Each pressure tap was manifolded to four positions on the scannl- 
valve such that local pressures were sampled every 2.5 seconds on the scannl 
yj|lve cycle period of 10 seconds. The transducer output was recorded on 
iwlgnetlc tape with a Lockheed Electronics Model 417, 7’^rack recorder. 
Recorded values were digitized and averages calculated as part of the auto- 
matic data reduction process. 

The test aircraft was equipped with a dust system which ejected con- 
tijolled amounts of dust from the wing tips for use~1n the vortex visualiza- 
tion tests. The dust system consisted of a high-pressure nitrogen bottle 
which supplied ejection pressure through a pressure regulator and a dust 
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rtservoir, a 2100-cublc Inch* low-pressure, aircraft oxygen bottle. The 
dust was then routed through a 0.5-1nch pressure line to a hand-operated 
control yalve taken front a dry-ChemIcal fire extinguisher which was mounted 
la the cockpit. After passing through the valve, the dust was routed to the 
tying tips through a Y-fIttIng and a 0.75-1nch steel tubing mounted Inside 
the; wings. The outlet In each wing tip-falring which Is shown In Figure 3 
was formed by extending the tubing about one Inch out of the tower surface 
of the fairing. Several arrangements of exit position and nozzle geometry 
were tried, but no significant change In the dust pattern was noted. The 
best vortex visualization was obtained with a nitrogen pressure of 1500 psig 
at the regulator and approximately 200 psig In the dust reservoir. Ten to 
fifteen test runs were obtained with this procedure using an S-type bottle 
initially pressurized to 2200 psig, before the nitrogen bottle was depleted, 
The dust was pink In color and was Identified as a ''dll vent blend** used as 
a filler In certain chemicals used In aerial application work. Other types 
of dust were not Investigated as the dust that was used was available and 
provlded^^^^i^^^^^^^^^ results. Three aircraft configurations were Investl- 

gejted In which the wing-strut fa1r1ng:and wing-tip were modified. Two types 
ofj wing-strut fairings were investigated. Each type was molded fiberglass 
and provided by Cessna Aircraft. The first type (Type I), shown In Figure 
4, was an early design and is no longer in production. Type II, Figure 5, 
Incorfiorates a full chord wing fence and is the current production fairihg. 
Type 1 wing-tip. Figure 6, is the standard Cessna Ag-series aircraft 
configuratio.^v and Type Ti, Figure 7, is the optional CeSsna-type drooped 
tip. Table I Identifies each of the combinations evaluated during these 
flight tests. 


Agwagon Uing Tip and Strut Fairing Configurations 


I 


Configuration 

1 

2 

3 

r ' 

Wing Tips 


II 

II 

Strut Fairing 

I 

1 

II 


TliescI configurairidf numbers will be used subsequently to Identify tip* 
fairinq arrangements in c onn ection with the discussion of results. 

Test Methods and Data 
7 Spm-uii&z ?nxj^&wiQ. Vi&tnJibutjion 

The strength of the ro11ed-up trailing vortex is determined not only 


by t^ coefficient of lift but also by the span loading of the aircraft (4) 


For example, on conventional aircraft, the span loading is a maximum at the 
wing root and decreases to zero at the tip. Since the strength of the 
trailing vortex is approximately equal to the circulation at the wing 
root, the vortex strength is higher than if the wing were uniformly loaded. 

spanwise pressure distribution of the Agwagon was determined for 
various flight conditions and weights. A matrix of the test conditions 
(Table 2)i lists values of test variables— airspeed, flap setting, gross 
weight, ground effect, and aircraft configuration. 

A^^^ of the airspeed, flap, gross weight, and aircraft configuration 
points were flown out of ground effect. A series of test points in ground 
effect were flown with the aircraft in the standard configuration, but 
rosults showed the span-wise pressure distribution was not affected by the 
ground plane. Therefore, flights in ground effect were discontinued and 
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Table 2 

Flight Test Matrix— Full Scale 


Configuration 

Airspeed (mph) 

Flaps 

1" ' ' i 

GUT 

; 1 t 

Ground Effect 

Standard (1) 

80 

0“ 

2600 lbs 

Out 

Drooped Tips (2) 

100 

20® 

4000 lbs 


Wing Cuffs 
and (3) 

Drooped Tips 

120 





al 1 others were conducted at relatively high altitude. 

To obtain the pressure distribution, the left wing was fitted with 
eleven flush pressure taps along the quarter chord of the airfoil. A ng 
planview showing the location of these surface orifices is illustrated in 
Figure 8. The eleven taps and the free stream static pressure were connected 
t<i a 1/2 psi scanni valve box located in the baggage compartment of the Agwagon., 
The scanni valve cycled through these twelve pressures at 5 readings per 
second and measured the pressure difference between the surface orifice and 
the free stream total pressure. This Ap was converted to an electrical sig- 
nal and stored on magnetic tape. The 5 Hz sampling continued for one minute 
at each test point. After the flight the data on the magnetic tape was 
processed through an analog-to-digital converter and minicomputer and stored, 
o^ a 9-track digital tape. Converted data was processed on a UNIVAC 1108 

. !■ ' ' , : . ■ ',V 

to calculate the average coefficient of pressure for each wing tap. The 
average airspeed over the one-minute run was also computed. The results 
for each test point were plotted to obtain a Span-wise pressure distribution 
for the wing. A schematic of this process is shown in Figure 9. 



The data was plotted as coefficients of pressure ys. span-wise distance 
along the wing line of quarti^r ohords In Inches from the aircraft center- 
line. The coefficient of pressure was defined as: 



where is the local, measured static pressure, Is the free stream 
static pressure, and q Is the free stream dynamic pressure. Since the 
scanni valve measured the difference between local static and free stream 

i s 

■, J ■ 

total pressure. It was possible to define C as: 

. I..: .. ■- P... 


where AP is the pressure difference across the scanni valve. 

The results of the flight tests are shown in Figures 10-21. Three air- 
speeds were plotted on each graph to show the effects of increasing dynamic 
pressure. All of the plots show a roughly elliptical lift distribution 
yith a deviation at the midpoint for the wings with the early type cuff 
installed and an increase in lift near the tip for all the configurations 
Except at 4000 lbs. gross weight with standard wing tips. These variations 
win be discussed in detail later in the report. 

Full scale flow visualization was possible by means of an adaptation 
of the well-known wind tunnel vapor screen flow visualization method. The 
experimental arrangement for this purpose is shown schematically in Figure 22. 
The camera was located slightly to the side of the measurement station 
centerline which was the runway centerline. A Nikon 35nwi single lens reflex 
camera was used with a 135nin lens for photographing the vortex trajectories. 
Black and white photos were obtained using Tri-X film pushed to an equiva- 
lent ASA 1000, exposed at 1/8 second shutter speed and f2.8. Photo 
sequences were taken at 1 second intervals for the first 10-12 seconds after 

■ .. 8 - ' 






ijhe vortices fomted. Flights were conducted at night and the vortices 
were made visible by illuminating entrained dust particles In the wing 
wake by a 'light-plane* created by a pair of light boxes located on either 
s|ide of the runway. The result is time varying section view of the wake 
Wjhich produces a highly visible display of the tip vortices. Dimensional 
reference poles, or grid poles, were placed on both sides of the runway. 
Reflective panels were attached to these poles and provided reference 
ppints for a large measurement grid when illuminated by light sources. This 
measurement grid was available on all photographic records and established 
a network within which resulting vortex motion was referenced. A binary 
cjock light panel was used to provide a time reference on the data photo- 
graphs. Also, a recording wind station, shown In Figure 23. was located In 
the area of the measurement plane to provide wind velocity data. Altitude 
guidance to the pilot was provided by three poles erected beyond the light 
sireen. Each pole had a single light mounted at the desired altitude. By 
keeping the three lights aligned as he flew down the runway, the pilot was 
able to maintain the desired altitude. 

An example of the vortex trajectories Is shown in Figure 24. The reduced 
data from the trajectories Is shown in Figures 25 through 39. The data 
represents the position of the vortices as If the airplane were approaching 
tiJe observer. The position of the left and right vortices are plotted as 
non-dimensional distances above the ground plane and lateral distances from 
the aircraft longitudinal axis. Distances were non-dimensional Ized with the 

wing semispan. The time tick with each vortex point represented the down- 

. i :: 

stream distance from the generating aircraft in wing semispans. The wind 
direction was referenced to the direction of flight of the aircraft. 


n 
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III. ONE-EIGHTH SCALE MODEL FLIGHT TESTS 


A one-eighth scale nK>de1 was constructed for purposes of comparing 
sniall scale and full scale tip vortex trajectory data. The model was 
designed with the use of standard Cessna aircraft preliminary design 
drawings which were the best available design information. Conventional 
model airplane construction methods and materials and off-the-shelf engine 
and hardware were used to keep costs and developntent problems at low levels. 
The original Intent was to fly the model as a 4-wire U-control model 
btilizing essentially the same experimental methods as the full scale air- 
plane. A combination of model weight, stall speed, and controllability 
made night flying impractical and this was abandoned as a useful experimental 
method. Subsequently, the model was mounted to a large boom-strut arrangement 
o[n an automobile chassis, and the small scale data was obtained by driving 


the car at desired speeds to the powered carriage used in the NASA 

Langley Vortex Research Facility. 

■iM 

Test Equipment and Instrumentation 

Three view and section geometry of the Agwagon were carefully scaled 
to 1/8 and the model constructed to these dimensions in essentially exact 
scale (Figure 40). The model was constructed of readily available model 
materials to provide sufficient strength and light weight for use in tests 
at Mississippi State University and possible use in the NASA Langley Vortex 
Teit Facility. The fuselage construction was of built-up balsa stringers 
and formers with heavy balsa plank skins. All joints were cemented and the 
interior painted with a high-strength epoxy cement. The top of the fuselage 
Was removable for easy access. The interior of the fuselage with installed 


engine is shown In Figure 41. This fuselage design includes provision for 


W:) 
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iasy conversion to the Vortex Test Facility support system and test 
>ractices at that facility. There are machined aluminum blocks which bolt 
to the fuselage and provide an adaptation to the facility sting support and; 
jnternal 6>component force balance, and replacement of the piston engine 
with a Tech Development Model 845A pneumatic motor. These are shown in 
Figure 42. 

The wing construction utilized standard model airplane construction 
ilietliods but because of geometry complications it was made in several sec- 
tions. The basic materials were high density styrofoam core and balsa or 
.1)64 inch plywood skin with hardwood leading and trailing edges. The styro- 
foam core material was cut with a hot wire and a template jig to provide 
ood scale dimensional fidelity. This construction technique and a typical 
ing section are shown in Figure 43. Wing flaps are hinged to provide 

I 

fowler action in addition to deflection to 30°. The hinges were machined 
from drawings which were produced by photographically reducing full scale 
drawings to model sc^ale, The flaps are ground adjustable and pinned to 
provi(|e 0“ and 20“ deflection. Figure 44 shows the flaps extended 20*. 


I 


Teat MdtkocU and Vdta 

Flight speeds were computed for the model which would produce the same 
lift c6efficient//ar the full scale Agwagon. The lift coefficient is defined 
as: 


C. = 


2i*i, 


<‘h\ 


ni 

pvJs 


M •'M 
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Scale flight speeds can be calculated which will produce Identical lift 

I 

coefficients by solving for V|^. Thus: 






«|here the subscripts M and A Indicate model and full scale airplane values, 
respectively. A table of values can be coniputed for Vjyj which corresponds 
to the full scale airplane test conditions for a specified airplane weight 
and flight speed. Then, for a model weight Wj^j = 10 lbs, and airplane gross 
weight = 4000 lbs, the following tabulated values for Vjy| and Cj^ corres- 
pond to each of the full scale flight speeds. 


Table 3 

Equivalent Scale Model Test Speeds 


(mph) 

- 

Vm (mph) 

80 

100 

120 

1.21 

0.77 

0.54 

30 

37.5 

■ 45 


It was not practical to fly the model at night as a 4-wire control line 
model as designed because of very poor handling qualities at low speeds 
which caused extremely difficult control problems. Further, the model stall 

speed was relatively high at = 28 mph due in part to a relatively high 

2 

wi jig loading of 3.14 LB/FT and it was not possible to maintain the lower 
scale; test speeds. Therefore, the model flight test program was abandoned 


and an alternative test method was developed which would permit testing at 




.conditions nearly the same as those listed In Table 3. 

The model was supported on a 4 ft vertical strut which was attached to 
a 20 ft tubular-steel truss boom which extended horizontally from the front 
of the ground test vehicle. This arrangement Is shown In Figure 45. The 
support st’^ut Included a mechanism for manually changing the model pitch 
angle. The boom strut combination was such that the model wing tip was 
approximately 10 ft above the ground and nearly 20 ft in front of the ground 
test vehicle chassis. The test vehicle is a 1956 Buick chassis, engine, and 
cjrive-train which provides the propulsive power necessary to sustain the 
desired test speeds. This test vehicle is capable of stable test speeds up 
to 70 mph. The apparatus necessary to eject chalk dust in controlled amounts 
at the wing tips, similar to the full scale system, was mounted on the chas- 
sis close to the driver's position for easy control. This included a S- 
slze bottle of dry nitrogen, chalk dust reservoir, plumbing, and the control 
valve. All of the major components were removed from the Agwagon for use 
in this series of tests. Dust was routed through the model fuselage and 
ducts interior to the wings and ejected from nozzles near each wing tip-on 


the lower surface of the wing. 

The ground equipment for the model tests is shown in Figure 46. The 
equipment configuration was similar to the full scale system, but some 
changes were necessary to account for scale effect. Only one light box 
was needed to adequately illuminate both vortices since they were initially 
close together and dissipated relatively quickly. The binary coded digital 
clock was modified to run in 0,1 second intervals, and a motion picture 

camera running at 8 frames/second was used to photograph the vortices. Also, 

r'- ' 

the dimensional grid poles were marked in the 12-inch increments to provide 
better resolution in tracking the vortices. 
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It was essentially Impossible to test under *'no wind*' conditions. 

Winds of 3 ft/sec were found to have a significant effect on the trajectories 
of the tip vortices and natural conditions are never completely still where 
variations In surface thermal conditions exist. Small differences In the 

cooling rate of varying surface types result In light and variable thermally 

I ^ ' 

Ijiduced convection which Is apparent as a very light wind. All model tests 

were conducted at late night when the conditions were "apparently calm." 

However, It Is obvious from observations of the data that significant wind _ 
did exist for most of the tests. The wind velocity In each case was less 

than the minimum wind speed which could be measured with available equipment. 

Thus, no wind corrections are possible for the model data. 

Table 4 is a listing of the model test conditions. The model configuration 

[ ■ ^ ^ ' 

was Identical to full scale configuration 1, listed in Table 1. No attempt 

wa^ made, to fabricate and Install drooped tips or wing cuffs as was done 

on the full scale aircraft. 


Table 4 

Flight Test Matrix ■*-1/8 Scaled 



0 


Flaps 

30 

12° 1 

1.21 

] 

0® 

37.5 

i 8^* 

0.77 

_20® 

45 

4“ 

0.54 

_J 

■■ ■ ■ 


The lift coefficients which are listed are only approximate since there 
is some uncertainty in the calculation of wing angle of attack and the slope 
of the lift curve, The pitch angle, e, was measured from the fuselage 
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Reference line. Each of the three speeds listed In the table was "flown" 
for each of the pitch angles, I.e., 4", 8°, and 12". Th1$ provided a good 
range of lift conditions which bracketed the full scale flight tests and can 
be Easily duplicated In the Vortex Test Facility. 

The model developed well-defined tip vortices which were readily 
discernible using the test apparatus as described. A sequence of.photo- 
glraphs showing a typical time history of the model vortices is provided In 
Fjigure 47. The #ajectbr1es data are shown In Figures 48 through 65 plotted 
In the same way as the full scale data. The horizontal axis is the distance 
from the aircraft centerline In wing semi spans and the vertical axis is the 
height above ground in semi spans. Time ticks on the trajectories indicate 
the location of paired vortices downstream from the aircraft In semispans. 


Discussion of Results 

hiQtumce. on Ground 


The effect of the ground plane on aircraft drag is well known. As 
ari aircraft approaches the ground, the induced drag is decreased due 
to a reduction in the downwash of the wing. The reduction in downwash 
is due to the interference of the ground plane with the flow field induced 
by the trailing vortex sheet. It seemed, initially, that since the downwash 
was sigrrificantly changing, the lift distribution along the wing might 
also be altered and this could be demonstrated. However, for an airplane 
in free flight the span-wise pressure distribution is not changed by ground 
effect sufficiently to measur® with standard instrumentation. 

Consider a finite wing in straight and level flight out of ground 
effect (Figure 66). Because of the downwash velocity, w, the free streapi 

I,:;. 

velocity, V^, Is changed so that the wing sees not V^ but 

lift vector U Is Inclined rearward by an amount equal to the induced angle 
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of attack a^. Since the wing must support the aircraft weight, ¥, with 
the vertical component of the lift, the aircraft Is flown at some angle of 
attack, a, so that level flight can be maintained. Typical values of these 
numbefs for the Agwagon will Illustrate how the lift vector changes as the 
aircraft goes In and out of ground effect. Assume the aircraft welghs- 
Aodo lbs, has an elliptical lift distribution along the wing, and Is flying 
at 80 mph at standard sea-level conditions. These represent a worst-case 
cojiditlon for Induced drag (low veloclt^^ weight). The aircraft co- 
efficient of lift for this condition Is 0^ * 1.21. The induced angle of 
attack at the aircraft centerline can be calculated (3) as: 

C. 




or 




i.i 


i 


i X 8.20 


. . _r 

:;'TtAR i:.:.:....; 

• ,047rad - 2.69f 


Since the vertical component of lift Is 4000 lbs, the magnitude of the lift 
vector is: I 


4000 


cos 2.69 


7 ’ 4004.4 lbs 


and the induced drag is: 




= L Sin 


- 187.7 lbs 


Consider the Ideal case in ground effect where the downwash goes to 
zjero. Then induced drag is zero and the lift vector, L, is equal to the 
weight, W. Since W = 4000 lbs, the lift vector is 4000 lbs. Note that this 
Is only 4.4 lbs of lift less than the worst case for out-of-ground effect. 
Thus, the wing pressure 4istribution has only changed approximately 1/10 of 
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U. This change was too small to see on the Instrumentation. The major 
Influence of ground plane proximity Is to rotate the lift vector forward by 
an amount equal to the Induced engle of attack* and the pressure distri- 
bution Changes are negligible. 

' ' 

lnUue.nct ok StfuU FalfUng 

Plots of the experimental pressure distributions for configurations 1 
and 2 show a large drop In the magnitude of at the point where the wing 
strut is faired Into the wing. This corresponds to a significant decrease 
In lift and would result In a larger angle of attack required to maintain 
level flight and thus would result In a stronger trailing vortex. The strut 
fairing was tufted (Figure 67) to observe the airflow around the strut at 
various flight conditions In an effort to determine the characteristics of 
the flow. It was found that on the fairing and fanning out behind the fair- 
ing there was a region of very turbulent flow. Outside this area the flow 
was attached and well-behaved. As the aircraft approached stall, the region 
behind the strut separated fully well before the rest of the wlhgi^ Obviously, 
the fairing was not smoothing the airflow around the strut-wing junction 
effectively. Configuration 3 had a large wing cuff and fence combination 
Installed which Improved the lift distribution significantly. These wing 
chuffs are now standard equipment on all Cessna Agwagons. They were developed 
to Improve the stall characteristics of the Agwagon, but they also smooth 
the lift distribution and ultimately reduce the strength of the trailing 
wing- tip vortex. -- • 

JhUutnct H T.jp ConU 9 uMtion& 

The span-wise pressure distriiution near the tip varied depending upon 
the aircraft configuration and weight. The pressure distribution generated 


by the standard wing tip configuration with a 4009 1b gross weight decreaTfd 
smoothly and to zero at the tip. This Is a typical pressure distribution 
and Is nearly elliptical, t^ver. at light weights (2600 lbs), the 
pressure at the two points furthest outboard (Figures 10-11) were nearly 
equal at 80 mph, and at higher flight speeds the pressure coefficient at the 
l!lp was higher than the one Inboard. Since the airfoil section changes from 
NACA 2472 to J1ACA 0009 between these two points, It was Initially thought 
that this might be the cause of the rise In lift near the tip. However, an 
examination of the twist distribution and the lift curve slopes showed that 
the lift should be decreasing Instead of Increasing. The same phenomena was 
shown more clearly when the drooped tips were added. At all flight test 
points, the lift distribution goes down, up, and back down at the tip. The 
decrease In lift Inboard of the tip was even more pronounced with the! I^rge 
wing cuffs Installed. In each conf1|urat1on, an Increase in the gross weight 
produced a corresponding Increase In the deviation In the Cp curve. 

Unfortunately, there Is. no clear explanation for this behavior; however, 
there are three possible reasons why the lift could decrease near the tip. 
These are decreased dynamic pressure, decreased angle of attack, and Instru- . 
mJnt error. A decreased local dynamic pressure would normally be associated 
Wijth a flow separation forward of the measurement point. Therefore, the 
wing tip area was tufted and flight tested at the different airspeeds and 
flap settings. There was no evidence of turbulence or separation along the 
tip section. Thus decreased dynamic pressure is probably not a factor. 

I The second possible reason Is an effective decrease In local angle of 
attack at the section involved. Examination of the geometric and aero- 
dynamic twist of the wing, however, shows that this is unlikely. There Is 
Increased aerodynamic washout when the section changes from 2412 to 0009 and 


the lest 18 Inishis ^ the tip has a significant (1.5*) geometric washout In 
addition to the section change. This would cause a decrease In lift along 
the tip section. Furtheri there Is no evidence of any st rang local downwash 
that would alter the angle of attack of the section Inboard of the tip. 

Instrumentation error or problems related to Instrumentation were pon<^ 
sidered the most probable source of the apparent deviation and thus were 
examined closely. A decrease In the lift (I.e., higher pressure than 
expected) Is usually caused by a leak In the plumbing from the static port 
to the scannivalve. All of the tubes were vacuum checked after Installation 
by an aircraft static pressure tester end were found to be secure. After 
the flight tests showed the anamoly near the tip, the pressure taps were 
rechecked ani^^^s^^^ showed no leaks. It was possible that If there were a 
leak present. It may have been fixed while the tubes were being checked to 
Insure proper connections. Therefore, the flight test sequence with a gross 

f 

weight of 2600 lbs standard configuration was repeated to check the 

span-wise pressure distribution of the wing. As before, the pressure dls- i 
tributlon at the tip showed the same characteristic rise. Apparently, a | 
line leak was not the cause. Scanhlvalve errors were eliminated as a 
possible cause by switching leads such that the pressure sensed at station 9 
was measured on a different set of four scannivalve positions and no change 

A ■ , 

In indicated pressure was noted. Another argument against the possibility 
of la leak wiS: the consistent behavior. Experience with the static pressure 
system has shown that in the presence of a system leak the static pressure 
as seen by the scannivalve was relatively Insensitive to dynamic changes. 
However, in this case, the static pressure near the tip varied in proportion 
to the rest of the wing, depending upon the flight configuration and dynamic 
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prcssurer The consistency of the measured pressure seemed to say "no leak." 

Thus* the tip region pressure distribution as measured seems to be 
valid* but no acceptable physical explanation for the unusual distribution 
has been developed. , 


Wind EiizctA on Uo/ttex T^Je.cto^c6 

The Initial flight tests were conducted at wing tip heights of 5, 10, 
and 20 feet above the ground for the purpose of observing the behavior of 
the wing tip vortices In ground effect. A special effort was made to fly 
only during zero wind conditions since no method was available to correct 
the lilp vortex trajectory data for wind effects. It was found, however, that 
even light winds of V mph or less had large effects on the motion of the 
vortices. Light and variable winds caused by local variations in surface 
cooling rates and the convective motion of the air induced by these tem- 
perature gradients caused significant variations in the trajectory maps. 

The available wind velocity instrumentation system simply was not sufficiently 
sensitive to measure wind speed and direction within the sensitivity range 

required by the nature of the experiment. This very sensitive behavior of 

o. ■ Li: 

„t|ie to wind effects was not anticipated. 

' An ihyiscid analytical model consisting of two vortices descending in 
ground effect was used to investigate the sensitivity of the trajectories 
to a crosswind (Figure 68). The vortices descend until they approach the 
ground plane, then level off and separate depending upon the velocity of the 
crosswind. In a no wind condition {V„ * 0), the trajectories describe a 
hyperbola. As the vortices separate and approach a level altitude above 
the ground, it can be shown (4) that the horizontal velocity approaches a 
value of: 

- y = V ± ^ ^ ' 

' : y / ^ .1 ^ “ 4irZ • 






where y Is the horizontal velocity, is the velocity of the crosswind, r 
is the magnitude of the strength of the vortex, and z is the altitude of the 

vortex above the ground plane. The value of r for an arbitrary planform 

can be estimated by the procedures In reference 5. For the special case of 

an elliptic lift distribution, the strength of the trailing vortex is: 


r = -ik- 

‘ upVb 


whfjre L Is the lift of the aircraft, p Is the mass density of the air, V Is 
the free stream velocity of the aircraft, and b Is the wingspan. For the 
flight conditions of the Agwagon, assuming no crosswind and an average height 
of 10 feet for the vortices,, the yelocitles of the wing tip vortices were 
found to be as listed In Table 5. 

Table 5 

Lateral Velocity of Tip Vortices in Ground Effect 


Gross WT 


V (mph) 


r (ftVsec) 


y (ft/sec) 



296.6 

2.36 

237.3 

1.89 

197.7 

1.57 

456.3 

3.63 

365.1 

2.91 

304.2 

2.42 



Since y represents the iiiaxinium horizontal velocity in the no-wind case, it 
is apparent that any wind at all will substantially change the vortex tra- 
jectory. For example a crosswind of 1 ft/ sec would change the velocity of 
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the strongest vortex (80 mph, 4000 lbs) by ZS%. Note that this is for the 
jase where the vortex has leveled off. As the vortex descends vertical ly» 
the wind would have a much greater effect on its horizontal component of 
velocity. 

An analytical model which would account for the viscous interaction 
pf the vortex and surface boundary layer could possibly be used to correct 
the observed vortex trajectories for wind effects so that "zero-wind'' data 
Could be calculated. This is a difficult calculation and impractical for 
the purposes of this study. Thus* it was decided to conduct all of the 

, I 

data flights at 20 ft to minimize ground effects and allow a simpler cal- 
culation of wind effects. The tip vortices were tracked for the first 
JO-15 seconds and it was expected that the wind velocity integrated over 
the test time would allow a simple wind correction. However, this method 
was; unsatisfactory. The anemometer system had a start threshold of 1.1 
ft/sec which is well above a "significant" wind, and wind variations in 
(lirection and speed which occurred during the 10-15 sec test period were 
not measurable. Thus, it was not possible to correct trajectory data for 
the effects of crosswind. Here, crosswind is taken to mean the lateral 
component of the wind velocity vector. 

A similar and equally difficult problem was caused by the influence 
of the headwind or tailwind component of the prevailing wind. Since the 
experimental method consisted of photographing time sequences of the airplane 
wake cross-section and relating the tip vortex location to the generating 
Jtrcraft flight speed, a wind component along the flight path Will produce 
an apparent change in the observed vortex trajectory. No satisfactory 
me thodJmas developed to correct for this wind effect either. 

The inf 1 uence of the wind on the behavior of the tip vortices is very 
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significant and unpredictable for even very light winds (less than 1 ft/sec), 
cdnsequently, the drift of agro-chemicals entrained In the tip vortices Is 
also affected In a very significant way and would be apparent on Irregular 
surface distribution of the chemicals. 



The wing- tip vortices are affected in two ways by deployment of wing 
flaps. The strength of the tip vortex is altered (decreased) and the tip 
vortex trajectory is changed due to the influence of the shed trailing 
vortex of the flap. The effective angle of attack of the flapped section of 
a wing is increased as the flaps are extended and the wing section lift is 
correspondingly increased. To maintain level flight, the overall lift of the 
wing must be maintained constant at its original value. This is done by 
decreasing the pitch angle of the airplane at a given airspeed until equilib- 
ritm is achieved. The lower pitch angle of the airplane results in a lower 
angle of attack for the unflapped outboard section of the wing, thus decreas- 
ing the strength of the wing- tip vortex while increcjsing the strength of the 
flap vortex. 

The wing flaps, however, now generate their own vortex system. Each 
flap segment has two trailing vortices associated with it, one on the in- 
bolard side and one on the outboard side (Figure 69). The outboard vortex 
has significant effect on the wing-tip trailing vortex. As the trailing 
vortices are shed, the tip vortex and outboard flap vortex will move 

Ijjterally outward due to the influence of the ground plane, The inboard \ 

flap vortex moves inward and is destroyed by the propeller wake and/or the 
opposite inboard trailing flap vortex. However, the outboard flap vortex 
and tip vortex will also mutually influence each other as seen in Figure 69. 

The mutual interference which occurs between the flap- induced vortex and 
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thej wing- tip vortex is such that initially the flap vortex moves rapidly 
outward and beneath the tip vortex forcing the tip vortex upward. As the 

flap vortex moves oui:board of the wing-tip vortex, the induced velocities 

\ 

cause the wing-tip voi^tex to move downward and the flap vortex upward in a 
generally circular motion. In this manner, they rotate about one another 
in a windup until they finally merge in a single trailing vortex, this is 

shown in the sequence of Photographs in Figure 70. Airplane gross weight 

I 

was 4000 lbs for this test point, airspeed was 100 mph, and the wing flaps 

■ ' ; , \ 

were positioned at 20". The wing-tip height was 23 ft above the runway. 

At time t = 0, the Agwagon had xjust passed through the light plane. The . 
white dust marks the tip vortlces\^^ t - 2 seconds v-the'*core of the tip 
vortex is visible in each ust cloud, but now the flap vortex is also out- 
lined as it moves beneath the tip vortex and begins tq eiitrain chalk dust. 
At t “5 seconds, the right flap vortex is now clearly visible. It is 

. ■ ■■ j----- : 

: 1 . - ^ ^ 

moving up and to the left, while the wing tip vortex is moving down and to 
the rightistarting the windup motion. In the photo labeled t - 7 seconds, 
the vortei system for the right wing is rotating about one another as they 
begin to merge into one trailing vortex. The left wing vortex system is 
also doing this, but is not shown as clearly as the right one. At t = 9 
seconds, there is one well-defined vortex trail ihg the right wing with a 
vague outline of a weak vortex above it. By t = 17 seconds, the vortex 
roll-up is complete and there is only one trailing vortex. 


V. CONCLUDING REMARI^jS 

The sensitivity of the tip vortices to drift In light winds was 
demonstrated by both theoretical analysis and flight test data. From a 
practical standpoint this is Important to the aerial applicator, since 
even on a supposedly calm day there could be significant vortex drift. 
Because the vortices can contain a high concentration of the chemicals 
being sprayed, this drifting may result In uneven application on the 
desired field or unintentional drift to a neighboring field. It also 
means that future flight testing on the Interaction of tip vortices and 
agri -chemicals must have provlsldns for accurate measurement of local air 
currents . 

No direct correlation of full scale and 1/8 scale data was done. 
However, certain qualitative observations were possible for the vortex 
behavior. The tip vortices formed symmetrically above the wing and slightly 
Inboard of the wing tip. As they descended out of ground effect, they 
tended to drift toward the aircraft centerline. This may be due to the 
propeller/fuselage wake. At approximately 0.75 semispans, the separation 
distance started to Increase as the vortices entered ground effect. They 
tjien moved laterally apart and often rose again to a higher altitude. 

The duration of the vortices ranged from a few seconds to over a minute, 
depending upon the aircraft configuration and atmospheric conditions. 

At the completion of the tests the model was sent to the NASA Vortex 
Test Facility at Langley, Virginia. By duplicating the model flight test 
conditions, it should be possible to determine the extent of wall effect 
liji the Facility tunnel. And with a careful analysis of the full scale 
data with the model test data. It may be possible to determine the scale 
effects on the model data. 
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Figure 3. Location of Wing Surface Pressure Taps 
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Figure 9. Schematic of Data System 
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Figure 10- Spanwise Pressure Distribution 




SPANWIS& PRESSURE DISTRIByTION--AT -M4-CH0R© 








34 


DISTANCE FROM CENTERLINE (INJ 

Figure n. Spanwise Pressure Distribution 
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Figure 14. Spanwise Pressure Distribution 
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Figure 15. Spanwise Pressure Distribution 
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SPANWISE PRESSURE DtSTRIBUTION AT 1/4 CHORD 
CESSNA AI88 AGWAGON WITH DROOP TIPS 
FLAPS 20, GW = 4000 LBS 
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Figure 19. Spanwise Pressure Distribution 
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Ffgur« 20.1 Spanwise Pressure Distributi 
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Figure 21. Spanwise Pressure Distribution 



Figure 22. Schematic of Flow VisuaTization Method 
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Figure 26. Tip Vortex Trajectory--Full Scale 
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Figure 27. Tip Vortex Trajectory--Full Scale 
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Figure 28. Tip Vortex Trajectory--Full Scale 
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Figure 39. Tip Vortex Trajectory^- Full Scale 
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Figure 43. Model Wing Construction 







Figure 46. Model Flow Visualization Apparatus 




t = 0.6 sec. 


Figure 47, Photo Sequence of Model Wing Tip Vortices 
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Figure 63. Tip Vortex Trajectory— 1/8 Scale 
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Figure G5. Vorte/ Syste«i Associated with Flapped Wing 














